Background. Clostridium difficile is a leading hospital-acquired infection. Many patients remain symptomatic for several days on appropriate antibiotic therapy. To assess the contribution of ongoing infection vs persistent inflammation, we examined the correlation between fecal cytokine levels, fecal C. difficile burden, and disease outcomes in C. difficile infection (CDI).
antibiotic therapy fails in 22% of patients [7, 8] . An even higher proportion of patients have ongoing symptoms at 5-6 days of therapy, when many clinicians consider altering antimicrobial therapy [9, 10] . Multiple severity scores have attempted to identify patients at risk of severe disease (intensive care unit admission, colectomy, or death) [9, [11] [12] [13] [14] [15] , but few focus on identifying patients at risk of poor response to therapy or prolonged morbidity [16] . We aimed to detect biomarkers that would categorize patients most at risk of treatment failure or persistent disease. We were specifically interested in determining if persistent symptoms correlated with antimicrobial therapy failure or, rather, were a consequence of persistent intestinal inflammation.
The pathophysiology of C. difficile disease is incompletely understood [17, 18] . The best-studied virulence factors are the 2 toxins TcdA and TcdB, encoded by tcdA and tcdB, respectively. These toxins are thought to be responsible for the clinical manifestations of CDI by injuring intestinal epithelial cells [19] . Toxin exposure in vitro elicits proinflammatory cytokine release [20, 21] , with prominent neutrophil activation and recruitment, leading to an intense inflammatory response [22, 23] . Fecal interleukin 8 (IL-8) and lactoferrin are also elevated in vivo in patients with severe CDI [24, 25] . In addition, CXCL-5 (epithelial neutrophil activating peptide 78) is hyperexpressed in the colons of C. difficile-infected mice, and levels correlate with outcome severity (Y. S. Chen et al, unpublished data). CXCL-5 belongs to the family of CXC chemokines, is 22% homologous to IL-8, binds to the IL-8 receptor 2, recruits and activates neutrophils [26] , and is upregulated in patients with inflammatory bowel disease [27] .
Here, we study intestinal inflammation, as defined by fecal expression levels of inflammatory cytokines, and C. difficile concentration, to correlate host and microbial biology with disease severity in hospitalized patients with symptomatic CDI.
METHODS

Study Population
The study was conducted in Barnes Jewish Hospital, St Louis, Missouri, and approved by the Institutional Review Board of the Washington University School of Medicine. We approached all hospitalized patients who had diarrhea (either on admission or during their hospitalization) and a positive C. difficile toxin A/B enzyme immunoassay performed in the clinical microbiology laboratory between 24 June 2011 and 10 May 2012, and obtained written informed consent. We collected specimens daily thereafter when available.
Clinical Data
For all subjects, we collected information on demographic characteristics, clinical presentation (with special emphasis on the diarrhea: onset, number of stools, consistency according to the Bristol stool chart [28] , associated symptoms), medications, and healthcare exposures. We also reviewed charts and recorded vital signs, laboratory, and imaging findings. We assigned to all patients on study admission 3 severity scores reported to predict poor outcome (HINES VA, UPMC1, and CSI [11, 13, 14, 16] ; Supplementary Table 1) . We then recorded symptoms and CDI therapy during daily visits or, if patients were discharged, by telephone interview within 10 days of treatment initiation. Pertinent outcomes were time to diarrhea resolution, diarrhea persistence (defined as ≥3 bowel movements with a Bristol stool score ≥6, 5 days or more after initiation of CDI therapy), CDI treatment, and severe disease (defined as intensive care unit admission, toxic megacolon, colectomy, or death). We used 5 days of therapy as a clinically relevant timepoint [10, 16] to distinguish persistent from short-duration illness. Barnes Jewish Hospital physicians generally use metronidazole as first-line treatment for mild-to-moderate disease, and reserve vancomycin for severe cases or if there is concern with treatment failure.
Stool Collection
We retrieved the initial stool specimen submitted to the microbiology laboratory for testing within 48 hours of submission. We subsequently collected daily stool specimens when available from the patients during their hospitalization. Stools were aliquoted and stored at −80°C upon receipt.
Laboratory Assays
Enzyme Immunoassay Stools were suspended in Protease Inhibitor Lysis Buffer (Roche Diagnostics, Indianapolis, Indiana; 1/100 w/v). We quantified IL-8 protein levels using 50 µL of lysate and the Human CXCL8/IL-8 Quantikine kit (R&D Systems, Minneapolis, Minnesota), according to the manufacturer's instructions. For fecal lactoferrin concentrations, we used 100 µL of lysate with the IBD-Scan kit (Techlab, Blacksburg, Virginia), per the manufacturer's instructions.
Nucleic Acid Extraction
Total nucleic acid was extracted using the NucliSENS EasyMAG automated system software 1.0.2 specific A protocol (bioMérieux, Marcy L'Etoile, France), according to the manufacturer's instructions. 500 μg of stool was lysed in 1 mL of lysis buffer (bioMérieux, St Louis, Missouri). 200 μL of the stool eluate was then added to 2 mL of lysis buffer, followed by 100 µL of magnetic silica for a final volume of 110 µL of nucleic acid extract.
Nucleic Acid Amplification Cytokine Polymerase Chain Reaction. Real-time polymerase chain reaction (PCR) was performed using 7500 Fast RealTime PCR System and Path-ID Multiplex One-Step RT-PCR mix (Applied Biosystems, Foster City, California). The reaction mixture included 50-100 ng nucleic acid, 10 µL buffer, 2 µL enzyme mix, 2 µL water, 1 µL TaqMan probe ×20 for IL-8 (Hs00174103_m1) or CXCL-5 (Hs00171085_m1), and 1 µL glyceraldehyde 3-phosphate dehydrogenase (GAPDH) ×20 internal control (catalogue number 4308313, Applied Biosystems). The PCR conditions included 10 minutes of incubation at 48°C and 10 minutes at 95°C, followed by 50 cycles of 95°C for 15 seconds and 60°C for 45 seconds. Results are reported as ΔCT values, denoting the normalization of the cycle threshold (CT) of the detection of the cytokine to the CT of the internal control (GAPDH) (ΔCT = CT GAPDH -CT cytokine).
Quantitative tcdB DNA PCR. SYBR Green-based realtime PCR was performed using 7500 Fast Real-Time PCR System (Applied Biosystems). PCR conditions were modified from Wroblewski et al [29] , by including 10 µL of fast SYBR Green Master Mix (Applied Biosystems), 0.5 µM of each primer TcdBF1 (5′-ACGGACAAGCAGTTGAATATAGTGG TTTAGTTAGAG-3′) and TcdBR1 (5′-ATTAATACCTTTG CATGCTTTTTTAGTTTCTGGATTGAA-3′) [29] , 5 µL (50-100 ng) of nucleic acid, and water for a final reaction volume of 20 μL. The PCR conditions included an initial 5-minute incubation step at 95°C, followed by 50 cycles of 15 seconds at 95°C, 30 seconds at 55°C, and 45 seconds at 68°C. After amplification, the melting curve was performed with an initial denaturation step at 95°C for 15 seconds, followed by 60 seconds at 60°C
and continuous heating at 0.1°C per second to 95°C. We reported CT values if the melting temperature (Tm) ranged between 70°C and 72.5°C.
We validated the linearity of the tcdB PCR using tcdB cloned into plasmid pHIS1525 (MoBiTec Inc, Boca Raton, Florida) as a DNA standard. Linear regression allows calculations of C. difficile burden using the following formula: C. difficile concentration (colony-forming units [CFU]/mL) = 7000 × 10
(data not shown). However, we chose to report CT values because their distribution is symmetrical, whereas expression as CFU/mL skews the data. Control experiments demonstrated that incubating the stools for up to 24 hours at room temperature did not affect tcdB DNA quantification or cytokine messenger RNA (mRNA) relative abundance (data not shown).
Statistical Analysis
We used a nonparametric Wilcoxon rank-sum test to assess the significance of correlations of mRNA transcripts and tcdB CT with outcomes. We used the χ 2 test and, when appropriate, Fisher exact test, for categorical data comparison, as well as for dichotomized IL-8 and lactoferrin protein results. We fitted multivariate binary logistic regression models to determine the predictors of poor clinical outcomes, assigned a priori. We used a backward selection process to find the significant predictors. Variables offered in the regression models included high CXCL-5 mRNA (ΔCT CXCL-5 mRNA >0), high IL-8 mRNA (ΔCT IL-8 mRNA >0), positive IL-8 protein, the 3 severity scores, white blood cell count (WBC) >15 000 cells/µL, and serum creatinine concentration ≥1.5 times baseline (all defined as binomial data), tcdB CT and age (defined as continuous variables). We used Kaplan-Meier survival (log-rank test) analysis to interrogate the statistical significance of the time to diarrhea resolution in patients with elevated fecal cytokines on admission compared to those with no elevation. Proportional hazard assumptions were assessed visually from the plots. Repeated measures mixed models and generalized linear models assessed daily fecal cytokines and C. difficile bacterial burden in relation to diarrhea and day of therapy adjusting for within subject correlation. Two-sided P values of <.05 were considered significant.
RESULTS
Study Population
Of 250 inpatients identified with CDI, we excluded 54 because of altered consciousness or dementia and no availability of a family member for consent by proxy, and 49 because they were discharged before enrollment. Of the 147 patients approached, 131 consented and were enrolled. Stools were available on 121. We excluded 1 patient who had consistently negative tcdB PCR in our laboratory from all samples provided. Demographic characteristics of the final cohort of 120 patients are presented in Table 1 . We excluded from analysis the initial tcdB CT values on 6 patients because the tcdB PCR did not amplify adequately on those initial samples, whereas subsequent samples from these patients amplified as expected.
Of these 120 patients, 19 (16%) were started on oral vancomycin and 101 (84%) on metronidazole. However, vancomycin was added to, or replaced, metronidazole in 33 (33%) of those patients started on metronidazole, suggesting a judgment of treatment failure by their physicians. Diarrhea persisted for at least 5 days in 62 (52%) patients, and duration was not determinable for 12 (10%) patients who were not available for followup. Eleven (9%) patients had severe disease (Table 2 ). There was no difference in clinical presentation, CDI therapy, diarrhea persistence, or time to diarrhea resolution between immunosuppressed (receiving steroids or other immunosuppressives) and nonimmunosuppressed patients.
Cytokine Levels and Bacterial Burden
Fecal CXCL-5 mRNA, IL-8 mRNA and IL-8 protein levels at the time of CDI diagnosis correlated with persistent diarrhea (P = .03, P = .005, and P = .05, respectively) as well as treatment with vancomycin (P = .007, P = .006, and P = .02, respectively). We found no difference between cytokine levels in patients started on vancomycin and those who had vancomycin added to their therapy during their illness course. Interestingly, tcdB CT at the time of diagnosis did not correlate with diarrhea persistence or choice of CDI therapy (Figure 1) . We identified 15 patients with comorbidities that might have complicated assessment of the diarrhea (inflammatory bowel disease, 3; gastrointestinal graft-vs-host disease, 4; irritable bowel syndrome, 2; pancreatitis, 4; intestinal bleeding and short bowel syndrome, 1 each). After excluding these patients, fecal CXCL-5 mRNA and IL-8 mRNA remained associated with persistent diarrhea (P = .047 and P = .029, respectively) and therapy with vancomycin (P = .028 and P = .039, respectively).
CXCL-5 and IL-8 mRNA levels were higher in nonimmunosuppressed patients with CDI compared to those with immunosuppression (P = .015 and P = .016, respectively). Interestingly, CXCL-5 mRNA was only associated with persistent diarrhea and vancomycin therapy in nonimmunosuppressed patients (P = .017 and P = .001, respectively). Patients with CDI in the prior 90 days had more frequent bowel movements (P = .045) and were more likely to receive vancomycin therapy during their hospitalization (P < .001). They also had higher relative abundances of CXCL-5 and IL-8 mRNA on admission than those who had no history of CDI (P = .011 and P = .028, respectively).
Initial fecal IL-8 mRNA and lactoferrin protein concentrations were higher in patients with a severe HINES VA score (P = .003 and P = .002, respectively); IL-8 protein concentrations were elevated in patients with a severe UPMC1 score (P = .015). Fecal bacterial burden at the time of diagnosis did not correlate with any severity score or any other clinical measure such as number of stools, Bristol stool score, or pain. Although UPMC1 scores correlated with persistent diarrhea and vancomycin therapy (P = .02 and P = .05, respectively), and HINES VA correlated with vancomycin therapy (P = .05), inflammatory markers were much more sensitive than these scores in identifying patients who failed treatment (Supplementary Table 2 ). HINES VA, CSI, and leukocytosis (WBC >15 000 cells/µL) correlated with the presence of severe disease (P = .002, P = .02, and P = .03, respectively).
A backward logistic regression model of predictors of diarrhea persistence identified elevated CXCL-5 mRNA (odds ratio [OR] = 3.705; 95% confidence interval [CI], 1.124-12.215; P = .031), severe UPMC1 (OR = 4.223; 95% CI, 1.219-14.631; P = .023), and WBC >15 000 cells/µL (OR = 0.234; 95% CI, .057-.962; P = .044). When patients on immunosuppressive therapy were excluded, the only predictor of persistent diarrhea was an elevated CXCL-5 mRNA (OR = 4.33; 95% CI, .937-20.03; P = .061), although this did not reach statistical significance. The only variable that correlated with vancomycin therapy was an elevated CXCL-5 mRNA (OR = 5.49; 95% CI, 1.86-16.16; P = .002). Predictors of severe disease included a Severe disease: admission to the intensive care unit, toxic megacolon, colectomy or death 11 (9) HINES VA score severe (≥3) at study admission 13 (11) UPMC1 score severe (≥2) at study admission 35 (29) CSI score severe (≥2) at study admission 28 (23) Abbreviations: WBC, white blood cell. severe HINES VA score (OR = 14.44; 95% CI, 2.6-80.24; P = .002) and creatinine ≥1.5 × baseline (OR = 8.67; 95% CI, 1.16-64.5; P = .035). Time to diarrhea resolution was longer in patients with high CXCL-5 mRNA or IL-8 mRNA at study entry (log-rank test, P = .009 and P = .03, respectively; Figure 2) . A subanalysis revealed that these findings were only applicable to nonimmunosuppressed patients (Supplementary figure) . When patients were segregated into quartiles based on their initial tcdB CT, there was no difference in the time to diarrhea resolution among the 4 groups (Figure 2 ). We did not find a correlation between the number of symptomatic days prior to CDI diagnosis and fecal inflammatory markers, suggesting that the length of symptoms prior to treatment initiation is not related to the level of intestinal inflammation.
When examining the disease progression, CXCL-5 mRNA levels did not change significantly during therapy, whereas IL-8 mRNA levels decreased after starting therapy (P = .004). Elevated CXCL-5 and IL-8 mRNA levels correlated with diarrhea throughout the patients' hospital course (P = .04 and P = .03, respectively). As expected, bacterial burden decreased significantly with day of therapy (P < .001), independent of the therapy used (P = .38), and at no point correlated with diarrhea (P = .40). Figure 3 delineates daily cytokines and tcdB CT levels in the different treatment groups. Figure 4 compares these levels in patients with persistent and resolved diarrhea.
DISCUSSION
We identified biologically relevant markers that correlate with disease severity and outcome in patients with CDI. Interestingly, bacterial burden at the time of CDI diagnosis did not correlate with clinical measures or outcome, and the rate at which it decreased on therapy did not differ between those with persistent or resolved diarrhea. Furthermore, we found no statistically significant difference in the microbiologic response of C. difficile to metronidazole and vancomycin between these groups of subjects. In contrast, elevated fecal inflammatory makers at the time of CDI diagnosis, particularly in patients on no immunosuppressive therapy, were associated with poor outcomes, and remained elevated in those with persistent disease.
Our data indirectly contradict those of Al-Nassir et al, who reported that fecal C. difficile concentration was higher in patients treated with metronidazole, attributing the failure of metronidazole therapy to a slower and less consistent microbiological response than oral vancomycin [30] . Although other reports describe higher rates of treatment failure with metronidazole [8] , a recent Cochrane systematic review did not identify superiority of vancomycin over metronidazole in CDI symptomatic or bacteriologic cure [31] .
Clostridum difficile is a major healthcare burden; its case severity has increased in recent years [5, 8] , and its costs are staggering [6] . Despite appropriate antibiotic therapy, symptomatic cure is not achieved in 20%-30% of cases [31] , and up to 22% of patients with CDI remain symptomatic beyond 10 days of treatment [7] . Efforts have been directed into identifying patients at risk of severe disease [9, [11] [12] [13] [14] [15] ; however, few studies have attempted to identify factors associated with treatment failure or symptom duration. In the current study, fecal cytokines were more sensitive in identifying patients at risk of persistent diarrhea and correlated better with treatment failure than did any clinical parameter or score. It is interesting to note that HINES VA severity score, although designed to identify patients at risk of treatment failure [16] , better predicted severe disease than persistence of symptoms in our cohort. It was surprising to find that an elevated WBC seemed to be protective against persistent diarrhea, because it is one marker used to predict severe disease [9, 16, 32] . This might be attributable to the high proportion of patients with immunodeficiencies in our study. When we excluded these patients from the analysis, the only predictor of persistent diarrhea was a high CXCL-5 mRNA level.
Whether or not strain type correlates with severe disease in CDI is unresolved. Initial reports suggested that the NAP1 − , blue line; median 4 days). C, Kaplan-Meier survival curve comparing patients with a tcdB CT in the lower quartile (CT<20.7, red line) to those with tcdB CT in the second quartile (20.71< CT <23.6, blue line), the third quartile (23.61< CT < 27.1, orange line), and the higher quartile (CT > 27.11, green line). There was no difference in the time to diarrhea resolution among the 4 groups. "+" represents censored values, and P is the P value of the log-rank (Mantel-Cox) test. *P < .05. Abbreviations: ΔCT, difference of cycle thresholds between internal control and cytokine tested; CDI, Clostridium difficile infection; CT, cycle threshold; IL-8, interleukin 8; mRNA, messenger RNA. strain is associated with more severe outcomes [33, 34] , whereas some recent reports dispute that finding [35] [36] [37] [38] . Regardless of which strain accounts for the patient's symptoms, antimicrobial options are the same, and therefore delineating the strain type . Daily CXCL-5 and tcdB cycle threshold (CT) levels in patients with persistent diarrhea compared to those whose diarrhea resolved with 5 days of therapy. A, CXCL-5 ΔCT levels in patients with persistent diarrhea (dashed bars) are persistently higher than levels of those with resolved diarrhea (dotted bars). Levels do not decrease significantly with time. B, tcdB CT values in patients with persistent diarrhea (dashed bars) are similar to those of patients with resolved diarrhea (dotted bars). Bacterial burden drops at the same rate in the 2 groups. Boxes represent median ± 25th-75th percentiles; whiskers represent 5th-95th percentiles; dots represent outliers. Abbreviations: ΔCT, difference of cycle thresholds between internal control and cytokine tested; CT, cycle threshold.
has limited clinical utility for individual patients at this time. Our results suggest that the character of the intestinal inflammatory response determines clinical severity, and that initial host response should be evaluated prospectively as a clinically relevant prognostic parameter and potentially modifiable contributor to disease outcome.
CDI is characterized by tissue injury and an acute intestinal inflammatory response characterized by neutrophil infiltration [22] . Both pathogen and host play a major role in the disease pathogenesis. Clostridium difficile toxins cause direct injury to the intestinal epithelium, which is associated with a robust host inflammatory response with cytokine release leading to neutrophil activation and recruitment and subsequently to a worsening intestinal injury [20] [21] [22] . Inhibiting this acute inflammatory response might attenuate intestinal injury [22] . Indeed, anti-inflammatory agents diminish intestinal injury in experimental CDI [22, 39, 40] .
In summary, fecal inflammatory markers at diagnosis of CDI correlate with outcome. Such profiling at the time of diagnosis of CDI might identify patients at risk for treatment failure. Additionally, our findings suggest that it is not bacterial persistence that causes prolonged CDI symptoms, but rather a sustained host response to a waning population of C. difficile. Once the inflammatory response is initiated, the choice of antibiotic does not appear to alter the illness course. Strategies to reduce the bacterial burden are unlikely to achieve a better response in acute disease than the existing antimicrobials. Instead, mitigation of the host response might be a more fruitful strategy for such patients.
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